This study aimed to evaluate the efficacy of a porous polyoxymethylene thermoplastic regulator combined with a three-dimensional (3D) printed template to guide pedicle needle insertion in patients undergoing percutaneous pedicle screw fixation (PPSF) for thoracolumbar fracture.
Background
Percutaneous pedicle screw fixation (PPSF), using a posterior approach and internal screws, is a common treatment for fractures of the thoracolumbar and lumbar spine. The clinical outcome of PPSF depends on the accuracy of pedicle screw insertion. Internal pedicle screw fixation (PSF) is the first choice for thoracolumbar spinal fractures. Traditional PSF surgery often involves a large and extensive surgical incision in the paravertebral fascia, muscles, and other soft tissues, which results in prolonged postoperative recovery and postoperative symptoms that include low back pain [1] . Recently, with the development of minimally invasive technology, PPSF has become a more effective single-stage surgical method for the management of thoracolumbar compression fractures and has the advantages of short operation time and reduced soft tissue injury [2] [3] [4] .
During PPSF, pedicle insertion is a crucial step. The accuracy of the insertion point and the insertion angle determines whether the pedicle screw can be accurately placed. The success rate of the initial insertion for conventional PPSF surgery is not high, and the insertion cannot be accurately adjusted. This problem is partly due to the experience of the surgeon, but most importantly, it is caused by the mobility of soft tissues and skin and is usually performed without navigation and guidance. If the screw is not placed accurately, the pedicle screw may be immobilized, injure the spinal cord, spinal nerves, and major blood vessels, resulting in paralysis or even death of the patient [5] [6] [7] . In conventional PPSF, repeat fluoroscopy with C-arm fluoroscopy may be needed to position and adjust the insertion point and insertion angle, which will be associated with increased radiation and hazards to the operator and patient [8] . Also, the prolonged prone position time is not good for patients with cardiopulmonary insufficiency. However, the development and application of computer navigation technology, virtual reality technology, and the use of personalized three-dimensional (3D) printed templates to guide surgery provide a new approach for precise positioning of percutaneous pedicle insertion. Computed tomography (CT)-navigated surgery may improve the success rate of percutaneous pedicle insertion. Compared with conventional PPSF surgery [9, 10] , the use of computer navigation technology can guide the operator to perform pedicle insertion and pedicle screw placement in real-time during the operation, the equipment is expensive, and the duration of the procedure may be increased [11] [12] [13] [14] .
Computer-aided design (CAD) simulation software can include mixed reality technology based on preoperative CT data of the surgical site. During the operation, the virtual insertion vertebra can be matched with the real vertebra of the patient through imaging, and the pedicle insertion can be performed visually [15] . However, the real-time image is not stable during the actual operation process, which may not represent an accurate fit with the real vertebral body, and the image may also be lost. These limitations indicate that CAD system software still needs to be optimized. However, the use of customized instruments can improve the accuracy of positioning, but there are still some errors in actual operation due to the anatomic differences of each patient [12, 16] . With the development of 3D printed technology, preoperative CT data of patients may be input for CAD-simulated pedicle insertion, and a personalized percutaneous guide template can be designed and printed for the positioning of the pedicle insertion point [17] . Because of the low flexibility of skin and muscle, the insertion needle might migrate during insertion, and once misplaced, the needle may not be modified easily from the single guide template. Then surgeons may then still need to use fluoroscopy several times to adjust the positioning, leading to longer operation times and increased radiation doses to patients.
Therefore, this study aimed to evaluate the efficacy of a porous polyoxymethylene thermoplastic regulator ('lotus-shaped') combined with a three-dimensional (3D) printed template to guide pedicle needle insertion in patients undergoing percutaneous pedicle screw fixation (PPSF) for thoracolumbar fracture (Figure 1 ).
Material and Methods

Patients
Between January 2018 to August 2019, there were 40 patients enrolled in the study, who underwent percutaneous pedicle screw fixation (PPSF), including 12 men and 28 women, with a mean age of 59.6 years, in the Xuzhou Medical University Affiliated to the Second Peoples' Hospital of Huai'an. All patients signed an informed consent before surgery. This study was approved by the Ethics Committee of the Xuzhou Medical University Affiliated to the Second Peoples' Hospital of Huai'an.
Design of the porous polyoxymethylene thermoplastic regulator and guide template
The porous polyoxymethylene thermoplastic regulator (a 'lotusroot' design) was designed and manufactured ( Figure 2A-2C ). The three-dimensional (3D) printed guide template was designed according to the corresponding computed tomography (CT) data of each patient, using the Materialise Mimics version 19.0 software and Magics version 21.0 software (Materialise, Leuven, Belgium). The guide template was printed using a 3D printer (Pulisheng Electromechanical Technology Co., Ltd., Shanghai, China) in the Key Laboratory of Medical 3D Printing in Huai'an city ( Figure 2D ). The parameters of the porous polyoxymethylene thermoplastic regulator and the guide template are shown in Table 1 . The use of the personalized 3D printed guide template
Briefly, patients received a CT scan before surgery. The area of the fractured vertebral body was marked using four hemispherical pearls (diameter of 1 cm) at four points, 4 cm away from the center of the vertebral body ( Figure 3A ). The Digital Imaging and Communications in Medicine (DICOM) file of the scanned CT data was imported into Materialise Mimics version 19.0 software (Materialise, Leuven, Belgium), and computer-aided design (CAD) was performed. The threshold segmentation function was used to reconstruct the 3D model of four markers and the surrounded area.
The insertion point and insertion angle were accurately selected to ensure that the inner column was in the insertion vertebral body pedicle in the coronal plane, the sagittal plane, and the transverse plane. The inner diameter of the column was increased to 13 cm, as required by the design template. Four hollow navigation tubes were obtained by subtracting the outer column from the inner column by Boolean operation ( Figure 3B -3D). Materialise Magics version 21.0 software (Materialise, Leuven, Belgium) was used to design the percutaneous guide template ( Figure 3E ), by using the functions of part cutting and Boolean operations. The stereolithography (STL) file of the designed percutaneous guide template was imported into the 3D printer (Pulisheng Electromechanical Technology Co., Ltd., Shanghai, China), and the guide template was printed with a photosensitive resin material ( Figure 3F , 3G). 
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Surgical procedures
Forty patients were randomly divided into two groups. Patients who underwent PPSF surgery with the percutaneous guide template combined with the porous polyoxymethylene thermoplastic regulator were classified into group A (n=20), including five men and 15 women, with an average age of 61.5 years. Lesions included the segments of T11 (one case), T12 (two cases), L1 (three cases), L2 (eight cases), and L3 (six cases). Twenty patients in the control group, or group B, including seven men and 13 women, with an average age of 56.6 years. Lesions included the segments T11 (one case), T12 (one case), L1 (two cases), L2 (nine cases), and L3 (seven cases).
Surgery was performed by two experienced surgeons. The patients were in the prone position, with pads beneath the chest and pelvis to increase lordosis and obtain partial reduction. Twenty patients received the porous polyoxymethylene thermoplastic regulator and the 3D printed template that guided the PPSF procedure.
The use of the porous polyoxymethylene thermoplastic regulator and the 3D printed template guided PPSF (group A)
The percutaneous guide template was designed, and the four porous polyoxymethylene thermoplastic regulators were placed into the four navigation tubes. Four insertion needles with a diameter of 1.5 mm were inserted into the surface of the bone cortex along the center of the porous polyoxymethylene thermoplastic regulator, and then into the bone cortex. C-arm fluoroscopy was used to observe the position and the angle of the insertion needles ( Figure 4A1, 4A2 ). If the first insertion ass successfully positioned, the insertion continued, and the needle reached the anterior one-third of the affected vertebra through the pedicle. If positioning was not ideal, the holes around the center hole of the first insertion were adjusted according to the offset position of the first insertion needle, which was used as a reference without moving the percutaneous guide template and the porous polyoxymethylene thermoplastic regulator ( Figure 4B1, 4B2 ). When the insertion needle reached the ideal insertion point, insertion continued to the anterior one-third of the vertebral body. Four longitudinal incisions of about 2 cm in length were made through the insertion needles, and a sleeve was gradually placed to the bone surface to protect the surrounding soft tissues and to retain the outer expansion sleeve. The corresponding bone cortex flaring and tapping was performed using four percutaneous pedicle screws, which were placed and adjusted to ensure the same opening at the end of the lateral screw ( Figure 4C1, 4C2) .
The preformed titanium connecting rod was installed by inserting the tip into the groove at the end of the screw tail with the rod holder, which was tightened. The other end of the titanium rod was placed into the groove at the end of the corresponding screw tail. The nut at the end was tightened, the spreader was tightened to restore the height of the affected vertebra, and the nuts at both ends of the fixation rod were tightened ( Figure 4D1, 5D2 ). After the fluoroscopy nail rod was positioned satisfactorily, the surgical site was closed in layers ( Figure 4E1, 4E2) . The X-ray and CT images of the surgical site were re-examined within one week after surgery, and the position of the nail rod, height recovery of the affected vertebra ( Figure 5A, 5B) , and the position of the screw in the pedicle were observed ( Figure 5C ).
Conventional PPSF (group B)
The target vertebra was determined by C-arm fluoroscopy, and the insertion point of the affected vertebra pedicle was initially located and marked. Screw insertion was performed according to the marked points. The offset position of the insertion needle through the C-arm perspective was observed, the orientation and the angle of the insertion needle was adjusted according to experience of the surgeon. A constant perspective was obtained through the C-arm, and the ideal insertion point and insertion angle were determined. The needle passed through the pedicle and entered the first third of the affected vertebra. The remaining steps were the same as for group A.
Patient clinical and surgical parameters
The number of successful pedicle insertions, the insertion times before the insertion needle reached the ideal position, the total fluoroscopy times, and the total volumes of intraoperative bleeding were recorded. The Visual Analogue Scale (VAS) and the Oswestry Disability Index (ODI) scores at one day before surgery, at day 1, day 7, month 1, and month 3 after surgery were recorded. The vertebral pedicle insertion number and the rate of change in the kyphosis angle (KA) were noted ( Figure 6 ).
Statistical analysis
Data were analyzed using SPSS version 19.0 software (IBM, Chicago, IL, USA). Data were expressed as the mean±standard deviation (SD). A paired t-test was used to compare the measurement data within the groups, and a t-test was used to compare data between the two groups. The chi-squared (c 2 ) test was used to compare quantitative data. The rank-sum test was used to compare qualitative data. A P-value <0.05 was considered to be statistically significant.
Results
Patient clinicopathological data
Forty patients who underwent percutaneous pedicle screw fixation (PPSF), including 12 men and 28 women, were randomly divided into two groups with 20 patients in each group. There were no significant differences between the two groups in gender, age, weight, degree of vertebral body compression, kyphotic angle (KA), preoperative Visual Analogue Scale (VAS) and the Oswestry Disability Index (ODI) scores, and position level of the affected vertebrae (P>0.05) ( Table 2) . 
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Intraoperative parameters
All surgical procedures for PPSF were successfully completed. The number of pedicles successfully pierced at first attempt in group A was greater than that in group B (P<0.05). The number of insertions, the operation time before the insertion needle reached the ideal position, the total number and time of intraoperative fluoroscopy sessions, and the intraoperative blood loss were all significantly lower in group A than in group B (P<0.05) ( Table 3) .
Postoperative parameters
Postoperative computed tomography (CT) scans of the patients in the two groups showed that one pedicle screw insertion was required in the lateral cortex of the pedicle in group A and eight pedicle screws were required in group B, with no significant nerve and vascular damage and no symptoms of nerve injury (P<0.05). The postoperative rate of change in the kyphotic angle (KA) of group A was significantly higher than that of group B (P<0.05). All patients were followed up for 3 months after surgery. The average VAS and ODI scores of group A were significantly higher than those of group B on day 1 and day 7 after surgery (P<0.05). There was no significant difference in VAS and ODI scores between the two groups at month 1 and month 3 after surgery (P>0.05) ( 
Discussion
Percutaneous pedicle screw fixation (PPSF) is widely used in spinal surgery and can achieve immediate spinal stability. The traditional pedicle screw fixation (PSF) procedure is characterized by tissue damage, extended operation time, and intraoperative bleeding, which increases the risk of postoperative complications. The emergence and development of the PPSF technique can effectively reduce soft tissue injury of the surgical site, reduce intraoperative bleeding, shorten the operation time, and improve the safety of the operation [18, 19] . The correct choice of insertion point and insertion angle determines the success or failure of PPSF [20] . In conventional PPSF surgery, C-arm fluoroscopy is used for continuous imaging to select the insertion points and perform insertion. The success of the procedure relies on the experience of the surgeon, and the number of insertions and fluoroscopy sessions are significantly increased, the operation time is prolonged, and the surgical risk for the patient is increased.
Godzik et al. [21] reported the use of the Excelsius GPS™ robotic navigation system in PPSF in a study in which 116 pedicle screws were successfully implanted, with an average twodimensional (2D) accuracy of 2.6±1.1 mm and an average angle deviation of 5.6±4.3%. A 2 mm 2D PPSF surgical procedure was successfully and safely performed, which demonstrated the accuracy and safety of the surgery [21] . As the computer navigation system can be expensive, it has not been widely promoted. Wang et al. [15] applied magnetic resonance imaging (MRI) for percutaneous kyphoplasty (PKP) in cases of thoracolumbar compression fracture and compared this method with the conventional PKP. The insertion accuracy was significantly improved using MRI, and the insertion number, length of fluoroscopy, and operation time were reduced [15] . However, real-time MRI signaling is not stable, which is incompatible with real-time imaging, and the software system requires further optimization [15] .
Prokop et al. [22] used a sextant in minimally invasive techniques for the treatment of 36 cases of thoracolumbar compression fractures. In this previous study, percutaneous pedicle screws were accurately placed and corresponded to the thoracolumbar vertebral body, the average surgical time was 49 minutes, and blood loss was 10-20 ml [22] . However, because of the specificity of each segment of the vertebral body, customized instruments currently in use also exist certain errors. The 3D printed personalized guide, created by preoperative computer-aided design (CAD) and simulation can improve the precision of intraoperative pedicle insertion. The 3D printed plate in auxiliary pedicle insertion increases the accuracy and safety of pedicle screw implantation and has been widely used [23, 24] .With the development of minimally invasive techniques, the use of a percutaneous insertion guide template is gradually applied in pedicle insertion and screw placement. Li et al. [17] used preoperative CAD technology to print a personalized guide template for PKP, which improved the accuracy of pedicle insertion, effectively reduced the number of pedicle insertion procedures, fluoroscopy sessions, and the operation time, and improved the postoperative recovery of patients. However, because of the mobility of the skin, muscles, and other soft tissue during insertion, the ideal position of the insertion point is more difficult to determine, and still required the multiple use of C-arm fluoroscopy for ideal insertion angle positioning [17] .
In the present study, to overcome the difficulties of accurate adjustment of the percutaneous guide template after the failure of the first insertion, a percutaneous guide template combined with the porous polyoxymethylene thermoplastic regulator for the pedicle insertion for PPSF was designed. Based on the porous structure of the coupling regulator, the insertion sites were adjusted without moving the auxiliary device to achieve accurate positioning of the insertion point and insertion angle. The findings from the present study that the number of successful pedicle insertions, sessions of fluoroscopy, and operation time, and intra-operative blood loss were significantly reduced, and were beneficial to the postoperative recovery of the patient, have been supported by previous studies [25, 26] .
This study included 40 patients who were divided into group A, treated using a porous polyoxymethylene thermoplastic regulator combined with a 3D printed template, and group B, who underwent conventional PPSF. A total of 80 percutaneous pedicle screws were used, with postoperative computed tomography (CT) imaging, confirming that the lateral pedicle screws showed no excess wear, there was no neural or vascular injury. Previous studies supported these findings that PPSF surgery could more accurately ensure the insertion point and orientation of the pedicle screw placement and was more safe and effective [27] [28] [29] .
In the present study, the kyphotic angle (KA) in both study groups was significantly reduced after surgery compared with the KA before surgery, but there was no significant difference in the rate of change of KA between the two groups. Therefore, it was possible for both groups to effectively recover the height of the affected vertebrae, as previously reported [30, 31] . The results showed that the Visual Analogue Scale (VAS) and the Oswestry Disability Index (ODI) scores of postoperative patients were significantly lower than those of preoperative patients. The VAS and the ODI scores of group A were significantly lower than those of group B on day 1 and day 7 after surgery, and on the month 1 and month 3 after surgery. These findings indicated that in group A, postoperative symptoms of pain were more likely to be reduced in the short-term postoperative period [32] [33] [34] , These findings may be due to the decrease in the total number of insertion in group A, which reduced soft tissue and spinal bone injury, leading to rapid recovery of soft tissue and bone. Pain at the surgical site was similar in the two study groups.
Conclusions
This study aimed to evaluate the efficacy of a porous polyoxymethylene thermoplastic regulator combined with a threedimensional (3D) printed template to guide pedicle needle insertion in patients undergoing percutaneous pedicle screw fixation (PPSF) for thoracolumbar fracture. The use of a porous polyoxymethylene thermoplastic regulator combined with a 3D printed template may improve the success of pedicle insertion in patients undergoing PPSF. In this small study at a single center when compared with conventional PPSF surgery, this new technique improved the safety of insertion and screw placement, significantly reduced the number of attempts at insertion, duration of fluoroscopy, shortened the operation time, reduced the amount of intraoperative bleeding, and resulted in reduced postoperative pain in the short term, resulting in more rapid postoperative recovery.
